A n E S R I n v e s tig a tio n o f th e V a n a d iu m P e n to x id e -W a te r S y ste m I llu m in a te d in th e S o lar S p e c tru m R a n g e K. Dyrek*, R. Schumacher, and R. N. Schindler Institut für Physikalische Chemie, Universität Kiel, West Germany (Z. Naturforsch. 32 a, 1157-1160 [1977]; received August 8, 1977) Photoreduction of vanadium (V) ions in aqueous solution is followed by ESR observation of the VOaq ions formed. In addition shortlived surface centers are detected at room temperature in illuminated V20s-samples being suspended in water. These centers are tentatively related to the active species in the photoassisted electrolysis of water.
Vanadium (V) oxide glasses, as well as some other semiconducting oxides e.g. ZnO, WO3, Sn02, Ti02 are known to show an anodic photoeffect and are active in the process of the photodeeomposition of water upon illumination1-5. Different mechanisms for this process were proposed. It is generally agreed that the formation of holes in the valence band of the semiconductor by absorption of light quanta is a controlling factor in the photoassisted electro lysis. Very little spectroscopic information is avail able on the nature and the chemical behaviour of these photoproduced states which act as reaction centres. The ESR method is hoped to be helpful in providing new insight into these questions as, under suitable conditions, the observation of the para magnetic species formed upon illumination of the oxides is to be expected. The detection of photoinduced ESR signals in aqueous suspensions of zinc oxide by Cunningham and Corkery6 seems to be especially interesting. Information concerning the reactions occuring on the solid oxide/electrolyte interface can be obtained this way. In the present contribution the vanadium pentoxide-water system is investigated.
Experim ental
Polycrystalline V2O5 (Merck, pure) was used for the preparation of the suspensions in neutral buffer ed and unbuffered distilled water, as well as in 0.01 N HCl and in 0.001 N NaOH respectively. The suspensions were introduced into quartz flat cells of inner dimensions 8 mm x 0.6 mm and placed in a H102 resonance cavity of the ESR spectrometer. Illumination of the samples was performed in situ by using of a 500 W xenon lamp. The spectra were recorded at room temperature with an E-12 Varian spectrometer operating in the X-band.
Results and Discussion
Initial (dark) Spectrum
Two different signals appear in the ESR spectrum of the unilluminated aqueous V2O5 suspensions: The broad signal appears in the ESR spectra of all suspensions regardless of the pH value and does not appear in their filtrates. The intensity of the signal rises with the amount of V2O5 present in the suspension. It is the only signal in concentrated suspensions. In diluted suspensions it appears as a background spectrum for the 8-line signal. The parameters of the broad line i.e. its width and g-factor are close to those reported for the V4+ ions in the nonstoichiometric V2O5 lattice7.
The hyperfine structure in the spectrum of unilluminated samples is best observed after separa ting the solution from the solid V2O5. The intensity of the 8-line signal is strongly influenced by the pH-value. A signal of very low intensity appears when the suspension was prepared with distilled water. In the acidic medium a stronger spectrum was obtained. The 8-line spectrum was not observed in the basic filtrate.
The shape of the 8-line signal is very similar to that of the V 02+ ions spectrum reported by Good man and Raynor8. The change in signal intensity with pH is also in agreement with the interpretation of this signal as corresponding to vanadium (IV) in aqueous solutions of pH < 7.
Influence of Illumination
The influence of illumination on the ESR spec trum of V2O5 suspensions in 0.01 N HCl is shown in Figure 2 . A distinct increase in the 8-line signal intensity is observed after exposure of the suspen sion to xenon lamp irradiation. A small decrease in signal intensity is observed 20 min after ceasing of the illumination. A similar result was obtained in the case of unbuffered V2O5 suspensions in water and in the filtrates of both acidic and unbuffered neutral suspensions. Changes in signal intensity as function of irradiation time in different media are summarized in Figure 3 . The ESR absorption rises faster in the acidic medium than in the unbuffered suspensions of pH close to 7. In the buffered neutral suspensions the initial intensity of the 8-line signal is negligible and no change in the ESR spectrum is observed during the 60 min illumination.
The increase in the 8-line signal intensity indi cates, that under the influence of illumination a photoreduction of vanadium (V) takes place leading to a rise in V 02+ concentration. The rate of this reaction is strongly influenced by the change in the To decide whether in the case of the vanadium pentoxide-water system the process of photoreduc tion is limited to the aqueous solutions, or whether it also occurs in the solid phase, i.e. on the surface of the suspended V2O5 crystallites, experiments were performed with dense V2O5 suspensions in basic solution. In this case the ESR spectrum con sists exclusively of the strong broad signal arrising from vanadium (IV) ions in the bulk and on the surface respectively. It is not overlapped by any signal of vanadium (IV) ions present in the solution.
All experiments in the dense suspensions were hampered by the fact, that changes in signal in tensity due to illumination of the probe were super imposed by changes due to sedimentation of V2O5 particles during the experiment. As shown in Fig. 4 the latter effect can be taken into account in repeti tive experiments with and without illumination. The resulting slope is related to sedimentation of the suspensed particles. As shown in Fig. 4 illumina tion of the dense V2O5 suspensions in 0.001 N NaOH leads to an increase of the broad signal intensity thus indicating, that the photoreduction of vana dium takes place also in the solid phase.
I t is assumed that this process is accompanied by the formation of positive holes according to V g -> V S + A \
The positive holes may then be stabilized on the surface or in the bulk of the crystal lattice in the presence of water. The V( 4S ") ions created in process (2) disappear with r 1/2 < 1 sec upon shutting off the light source. Apparently the recombination of the positive holes or hole defects with Vfy ions is not a fast process under the given conditions.
The process of recombination is more rapid in the absence of water. In "dry" V2O5 no change in the V^ ion signal intensity is observed upon illumination at room temperature. I t might be argued that the OH-ions present in water compete with V( 4g) ions as traps for the positive holes thus stabilizing the observed paramagnetic centres.
A number of runs was performed to check whether the signal increase upon illumination can be ac counted for, qualitatively at least, on the basis of light intensity available in the experiments. The photoproduced contribution to the ESR absorption is equivalent to roughly 1013 spins in the sample as measured against a CUSO4 standard. The lamp output was calibrated using different actinometers12. With light being absorbed by the sample at a rate of ~ 1014 quanta per sec the observed increase in ESR absorption appears to be reasonable.
The ESR data reported here indicate that upon illumination of V2O5 being in contact with an electrolyte two processes are to be expected: re action at the V205/electrolyte interface and photoreduction in solution. Provided the solubility of vanadium pentoxide in aqueous electrolytes could be effectively reduced, V2O5 might be an attractive anode material for the photoassisted electrolysis of water.
Note added in the proof: Determinations of the weight losses of irradiated V2O5 electrodes under anodic bias indicate that under our experimental conditions roughly 10% of the current observed was due to slow dark reactions at the electrolyte-V2O5 interface.
